ABSTRACT: Fourteen new withanolides, 1−14, named withalongolides A−N, respectively, were isolated from the aerial parts of Physalis longifolia together with eight known compounds (15−22). The structures of compounds 1−14 were elucidated through spectroscopic techniques and chemical methods. In addition, the structures of withanolides 1, 2, 3, and 6 were confirmed by X-ray crystallographic analysis. Using a MTS viability assay, eight withanolides (1, 2, 3, 7, 8, 15, 16, and 19) and four acetylated derivatives (1a, 1b, 2a, and 2b) showed potent cytotoxicity against human head and neck squamous cell carcinoma (JMAR and MDA-1986), melanoma (B16F10 and SKMEL-28), and normal fetal fibroblast (MRC-5) cells with IC 50 values in the range between 0.067 and 9.3 μM.
C lassically defined withanolides are a group of C 28 ergostane-type steroids with a C-22,26 δ-lactone group, first isolated from the genus Withania. 1 They are present primarily in the Solanaceae family, which includes the genera Acnistus, Datura, Dunalia, Jaborosa, Nicandra, Physalis, and Withania. 2−9 Withanolides have attracted interest in recent years mainly due to their exhibition of significant biological activities, inclusive of antimicrobial, antitumor, anti-inflammatory, immunomodulatory, and insect-antifeedant activities. 2, 3, 6 It has been reported that those withanolides displaying the most promising antitumor characteristics contain an α,β-unsaturated ketone in ring A, a 5β,6β-epoxy group in ring B, and a nine-carbon side chain with an α,β-unsaturated δ-lactone group. 10 The typical withanolide withaferin A (16) (Figure 1 ) contains these three moieties and has been shown in vitro and in vivo to suppress the growth of an array of tumor cells, including breast, pancreatic, prostate, lung, leukemia, and head and neck squamous cell carcinoma (HNSCC), by inducing apoptosis, 11 thus possessing potential application as an antiproliferative agent. As part of an ongoing study of withanolides from plant sources, 11, 12 a library of 224 native plant extracts from the U.S. Great Plains was evaluated for cytotoxic activities against HNSCC and melanoma cell lines using the MTS viability assay. One of the most promising leads, Physalis longifolia Nutt. (Solanaceae), commonly known as "long leaf groundcherry", was subjected to a phytochemical investigation, and the results are presented herein, including the details of the isolation and structure elucidation of 14 new withanolides (1−14) , four acetylated derivatives (1a, 1b, 2a, and 2b), and eight known compounds (15−22) . Their cytotoxicity was determined against HNSCC (JMAR and MDA-1986), melanoma (B16F10 and SKMEL-28), and normal fetal fibroblast (MRC-5) cells. This constitutes the first report of a phytochemical and bioactivity study of P. longifolia.
■ RESULTS AND DISCUSSION
The CH 2 Cl 2 −MeOH (1:1) extract of the aerial parts of the title plant and the EtOAc-soluble and n-BuOH-soluble fractions showed cytotoxicity against the above-mentioned cells with IC 50 values in the range between 0.7 and 9.8 μg/mL using a MTS assay. All compounds (1−22) were isolated from the EtOAc-soluble or n-BuOH-soluble fractions (see Experimental Section).
Compound 1 was isolated as colorless cuboid crystals obtained from a CH 2 Cl 2 −CH 3 CN mixture, a major metabolite in the EtOAc-soluble fraction. Its molecular formula, C 28 H 38 O 7 , was determined by HRESIMS and NMR experiments, equating to 10 double-bond equivalents. Its IR absorptions revealed the presence of hydroxy (3431 and 3233 cm (Table 1) showed the presence of three methyl groups at δ 0.60 (3H, s), 0.90 (3H, d, J = 6.6 Hz), and 1.97 (3H, s), seven protons attached to oxygenated carbons at δ 3.18 (1H, brs), 3.52 (1H, d, J = 6.1 Hz), 3 .65 (1H, d, J = 9.6 Hz), 4.17 (1H, d, J = 9.6 Hz), 4.23 (1H, d, J = 12.5 Hz), 4.28 (1H, d, J = 12.5 Hz), and 4.33 (1H, dt, J = 13.3, 3.4 Hz), and two olefinic methine groups at δ 6.16 (1H, d, J = 10.0 Hz) and 6.95 (1H, dd, J = 10.0, 6.1 Hz). The 13 C NMR (APT) and HSQC spectra for 1 (Table 2 ) displayed 28 carbon signals differentiated as three CH 3 , eight CH 2 (including two oxygenated at δ 61.0 and 56.7), 10 CH (including two olefins at δ 145.7 and 132.9, three oxygenated at δ 78.8, 68.0, and 61.8), and seven C (including one keto carbonyl at δ 200.7, one ester carbonyl at δ 167. 4 , two olefins at δ 154.3 and 125.6, and one oxygenated at δ 61.5), corresponding to C 28 H 35 . The remaining three hydrogen atoms were therefore assigned to three OH groups, indicating that six rings must be present in the structure.
The NMR data of 1 were very close to those obtained for withaferin A 16, 1,13 a six-ring withanolide isolated as another major compound in this study (Tables 1−3 Acetylation of 1 with acetic anhydride in pyridine gave two derivatives, the 4,19,27-triacetate (1a) and the 4,27-diacetate (1b) ( Tables 1 and 2) , which proved the presence of hydroxy groups at C-4, C-19, and C-27 by a high-frequency shift of H-4 (from δ 3.52 in 1 to δ 4.79 in 1a and to δ 4.73 in 1b), of H 2 -19 (from δ 3.65, 4.17 in 1 to δ 4.32, 5.07 in 1a), and of H 2 -27 (δ 4.23, 4.28 in 1 to δ 4.84, 4.88 in 1a and to δ 4.85, 4.88 in 1b) and by HMBC correlations between H-4 and the ester carbonyl, between H 2 -27 and the ester carbonyl, and between H 2 -19 and the ester carbonyl in 1a and 1b.
Finally, the structure of 1 was confirmed through a singlecrystal X-ray diffraction experiment (Figure 2 ). Thus, 1 (withalongolide A) was established as 19-hydroxywithaferin A. The full assignments of NMR data of 1, measured in CDCl 3 with a trace amount of CD 3 14, 15 and by HMBC correlations of H 3 -27/C-24, C-25, and C-26.
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Acetylation of 2 with acetic anhydride in pyridine yielded the 4,19-diacetate (2a) and the 4-monoacetate (2b) (Tables 1  and 2 ), which confirmed the presence of hydroxy groups at C-4 and C-19 by a high-frequency shift of H-4 (from δ 3.63 in 2 to δ 4.79 in 2a and to δ 4.74 in 2b) and H 2 -19 (from δ 3.77, 4.32 in 2 to δ 4.32, 5.07 in 2a).
Finally, the structure of 2 was confirmed through a singlecrystal X-ray diffraction experiment ( Figure 3 ). Thus, 2 (withalongolide B) was determined as 27-deoxy-19-hydroxywithaferin A.
Compound 3 was isolated as colorless cube crystals from a CH 2 Cl 2 −CH 3 CN mixture, a minor component from the EtOAc-soluble fraction. Its molecular formula, C 28 H 38 O 7 , was determined by HRESIMS and NMR experiments. The NMR data of 3 (Tables 1 and 2) were also akin to those of withaferin A, 16. H COSY and HSQC experiments; and by the HMBC correlations between H α -12 (δ 2.17, dd, J = 13.8, 2.8 Hz) and C-9 (δ 48.1), C-11 (δ 69.5), C-13 (δ 42.1), and C-14 (δ 58.2). The orientation of the hydroxy group at C-11 was deduced as β due to the broad single-peak pattern of H-11 (δ 4.15, brs), the small coupling constant of 3.3 Hz between H-9 (δ 1.25, dd, J = 10.8, 3.3 Hz) and H-11, and ROESY correlations of H-11/H-9 and H-11/H α -12. Finally, the structure of 3 was confirmed through a single-crystal X-ray diffraction experiment ( Figure 4 ). Thus, the new withanolide 3 (withalongolide C) was established as 11β-hydroxywithaferin A. Compounds 4 and 5 were isolated as two presumed artifacts. These two compounds were probably formed from withalongolide A (1) and withalongolide C (3), respectively, by a Michael-type addition due to the use of CH 3 OH during the extraction procedure. It is possible that these compounds are formed in a similar fashion to 2,3-dihydro-3β-methoxywithaferin A (17) 1 (Tables 2 and 3) , which was most likely derived from withaferin A (16) Tables 2 and 3 .
Compound 6 was isolated as colorless cube crystals obtained from a CH 2 Cl 2 −CH 3 CN mixture. Its molecular formula, C 27 H 34 O 4 , was ascertained by HRESIMS and NMR experiments (Tables 2 and 3 of H-2/C-1, C-3, C-5, and C-10; and of H-3/C-1, C-2, C-5, C-6 (methine, δ 123.8), and C-10. Finally, the observation was confirmed through a single-crystal X-ray diffraction experiment ( Figure 5 ). Thus, 6 (withalongolide F) was deduced to be A-nor-27-hydroxy-1-oxowitha-2,5,24-trienolide. This 4-norwithanolide with a 2,5-dien-1-one system was reported previously as a semisynthetic product derived from withaferin A by an acid-catalyzed rearrangement. 16 Compound 7 was a major compound isolated from the BuOH-soluble fraction. Its molecular formula, C 28 H 40 O 11 S, was determined by HRESIMS and NMR experiments. The NMR data of 7 (Tables 2 and 3 ) were similar to those of 2,3-dihydro-3β-O-sulfate-withaferin A (19) (Tables 2 and 3) , 17 another major withanolide isolated from the BuOH-soluble fraction during this study (Figure 1 ). The obvious differences between 7 and 19 were the presence of an oxygenated methylene [C-19, 13 C: δ 59.9; 1H, δ 4.73, s) . Furthermore, the rhamnose Similar to withalongolide J (10), compounds 11−14 were shown to possess the same nine-carbon side chain with an α,β-unsaturated δ-lactone and a glucose moiety at C-28, on the basis of their superimposable NMR signals assigned to the side chain (Tables 4 and 5) .

Saponin 11 was assigned a molecular formula of C 33 H 46 O 10 by HRESIMS and NMR experiments. Excluding the six carbons corresponding to the glucose moiety, the 27-carbon aglycon implied that one carbon in the C 28 withanolide scaffold must be lost. The NMR data of its aglycon were similar to those of 1,6,27-trihydroxy-19-norwitha-1,3,5(10),24-tetraenolide (a 19-norwithanolide with an aromatic ring A). 21 A trisubstituted aromatic ring A in 11 was observed from the 1 H NMR (H-2: δ 7.14, 1H, d, J = 7.7 Hz; H-3: δ 7.34, 1H, t, J = 7.7 Hz; and H-4: δ 7.87, 1H, d, J = 7.7 Hz) and 13 Eight known compounds were identified by comparison of their data with those published in the literature, as seven withanolides, sitoindoside IX (15), 18 withaferin A (16), 1,13 2,3-dihydro-3β-methoxywithaferin A (17), 15 viscosalactone B (18), 22 2,3-dihydro-3β-O-sulfate withaferin A (19), 17 2,3-dihydrowithaferin A (20), 15 and 3α,6α-epoxy-4β,5β,27-trihydroxy-1-oxowitha-24-enolide (21), 23 and a flavonoid glucoside, rutin (22) . 24 The full assignments of the NMR data of 15, 16, 17, 18, and 19 are listed in Tables 2−5 , as these data were either unavailable, incomplete, or in need of revision within the published literature.
The classically defined withanolide-type steroids (1−21) isolated from the title plant showed a diversity of oxygenation patterns that may be summarized as follows: (1) Six withanolides (1, 2, 4, 7, 9, and 10) have an oxygenated C-19 group, which is rare in Nature. A literature investigation showed that from the approximately 520 unmodified withanolides only nine C-19 oxygenated withanolides have been reported so far. They are as follows: jaborosalactones O, 25 V, W, X, 26 46, 47, and 48, 27 cinerolide, 28 and bracteosin B. 29 (2) Compounds 3 and 5 are rare examples of unmodified withanolides having an oxygenated C-11, although withasomniferanolide (with an 11β-OH group), 30 somniferanolide (with an 11β-OH group), 30 and witharifeen (with an 11α-OH group) 31 have been previously reported. saponins (physagulins E and G) 20 have been shown to have a sugar moiety at C-28 thus far. (4) Compounds 11−14 are the first reported examples of C-19 norwithanolide saponins. It should be noted, however, that there are only four C-19 norwithanolides (jaborosalactones Q, 21 7, 32 and 45; 12-Omethyljaborosalactone 45 27 ) reported in the literature. (5) Most withanolides have an oxygenated C-1 in ring A, but 15 is the exception by not being oxidized at C-1. In addition, the presence of a 3-O-sulfate group in naturally occurring withanolides is extremely rare. Besides withanolides 7 and 19, there are only five other 3-O-sulfate withanolides previously reported from Datura metel, 33 Solanum cilistum, 34 and Withania somnifera. 35 All the withanolides (1−21) and the four acetylated derivatives (1a, 1b, 2a , and 2b) were tested against the HNSCC (JMAR, MDA-1986), melanoma (B16F10 and SKMEL-28), and/or normal fetal fibroblast (MRC-5) cells for their cytotoxicity. As summarized in Table 6 , withanolides 1−5, 7, 8, 15, 16, and 19 and the four derivatives (1a, 1b, 2a, and 2b) showed cytotoxic effects against the cells tested with IC 50 values in the range 0.067−9.3 μM, while the other withanolides were inactive. Similar to withaferin A (16), withanolides 1−3, containing the functional groups of a 2-en-1-one in ring A, a 5β,6β-epoxy in ring B, and a lactone ring in the side chain, were active, showing the importance of these three groups. The activity of the 3-O-sulfate withanolides 7 and 19 was due to their transformations to 1 and 16, respectively. Withanolide glycosides 8 and 15 displayed less cytotoxicity relative to their aglycone withaferin A (16) . However, the esterification of the hydroxy groups at C-4, C-19, and C-27 increased the resultant cytotoxicity, as shown for the acetylated derivatives 1a and 2a with IC 50 values less than 1 μM against all the cells tested. These results are in agreement with previous structure−activity relationship reports. 10, 36, 37 In addition, it should be noted that withalongolide A (1), withalongolide B (2), and withaferin A (16) are most likely responsible for the cytotoxic activities of the extract prepared from the title plant due to their relatively high abundance levels (0.16% for 1, 0.10% for 16, and 0.03% for 2). Extraction and Isolation. The collected biomass was air-dried at room temperature. The dried material was then ground to a coarse powder (930 g) and extracted three times with CH 2 Cl 2 −MeOH (50:50, 4.0 L) at room temperature. After removing the solvents under vacuum, the extract (107 g) was suspended in 400 mL of H 2 O, followed by partitions with n-hexane, EtOAc, and n-butanol (3 × 500 mL). The resulting ethyl acetate fraction (22 
Acetylation of Withalongolide A (1).
A solution of 1 (50 mg) in pyridine (8 mL) and acetic anhydride (2 mL) was stirred for 24 h at room temperature. Then 50 mL of water was added to the solution. The precipitate (70 mg) was subjected to semipreparative HPLC, eluted with the mobile phase CH 3 
Acetylation of Withalongolide B (2).
A solution of 2 (50 mg) in pyridine (8 mL) and acetic anhydride (2 mL) was stirred for 24 h at room temperature. Then 50 mL of water was added to the solution. The precipitate (65 mg) was subjected to semipreparative HPLC, eluted with the mobile phase CH 3 Tables 1 and 2 applied; full-matrix least-squares refinement on F
